Since the demonstration by Hering in 1924 (1) of the baroreceptor function of the carotid sinus, the cardiovascular effects of changes in carotid sinus pressure have been extensively studied in anesthetized animals (2) .
In 1957 Ernsting and Parry (3) stimulated the carotid arterial stretch receptors in man by decreasing pressures as much as 80 mm Hg below ambient in a box enclosing the neck. In resting subjects, stimulation of these receptors, which include the carotid sinus, caused transient bradycardia, sustained decrease in arterial blood pressure, and decrease in blood flow in the forearm, hand, and calf. The cardiac output was measured on two occasions by the direct Fick method, and it showed no significant difference between the resting value and that obtained when the pressure around the neck was reduced.
In the present study, the technic described by Ernsting and Parry (3) has been used to add to the information available on the effect of carotid sinus stimulation in man. Observations have been made on normal subjects at rest and during the performance of supine leg exercise.
Methods
Six healthy subjects, five men and one woman, were studied. They were nonathletic subjects, 22 to 35 years old, performing ordinary physical activity. They had all been previously trained to perform the required leg exercise with completely relaxed arms and were familiar with the experimental procedure and accustomed to the effect of subatmospheric pressures applied to the neck.
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: Address requests for reprints to Dr. John T. Shepherd, Mayo Clinic, Rochester, Minn. 55902. ture was sealed airtight by foam rubber lining and a rubber gasket. The box extended cranially to a plane through the anterior alveolar process of the mandible and dorsally through a point just below the ear lobes. The head aperture of the box was closed by a lid, made in two halves, each contoured on the inner side to fit the head of the subject. A layer of foam rubber was attached to the inner rim. Airtight sealing was ensured by maintaining the two halves of the lid under slight pressure against the head of the subject and applying high-vacuum grease between the lid and the upper aspect of the box. The anterior surface of the box was equipped with three wide-bore connections: one to a high-capacity vacuum source, the second to a manometer for direct reading of the vacuum and to a strain-gauge manometer for monitoring of the vacuum, and the third to a valve for manual control of the vacuum in the box by means of an adjustable leak. The onset and offset of neck suction were done almost as a square wave. The time to reach desired pressure was about 1 second. In intervals between observations, the lid of the box was opened.
Heart rate was determined from the electrocardiogram with chest leads.
Radial arterial pressure was measured through a nylon catheter of 1 mm o.d. connected to a Statham model P23De strain-gauge transducer. Mean pressure was obtained by electric integration; mid-chest was taken as the reference level.
The reaction of the forearm resistance vessels was estimated from changes in forearm blood flow and radial arterial mean pressure. Forearm blood flow was measured by a strain-gauge plethysmograph compensated for temperature variations (4 (9) . The differences between the average of the data obtained during control determinations and arterial mean pressure was plotted against the intensity of neck suction, an approximately linear relationship was obtained (Figure 1 ). The scatter in the Figure is mainly due to individual variations in sensitivity to the stimulus. The slowing of the heart could be detected by the second beat after application of the stimulus. There was usually. a slight undershoot in heart rate at the onset of neck suction before a stable level was reached and a transient overshoot on release of the stimulus (Figure 2) . The heart rate, like the blood pressure, declined on the average in an approximately linear manner with increasing strength of stimulus (Figure 1) . If it is assumed that the applied vacuum is completely transmitted to the wall of the carotid artery, then the pressure inside the artery minus the surrounding pressure represents the transmural pressure. When the percentage change in heart rate and blood pressure is expressed as a function of the change in transmural pressure calculated in this way, the relationships shown in Figure 3 are obtained. Over this range of increase in transmural pressure, the heart rate and blood pressure decrease in a slightly curvilinear manner, and the percentage decrease is less for heart rate than for blood pressure (p < 0.02 for each intensity of suction).
When the degree of neck suction was varied in steps from ambient pressure to 60 mm Hg below ambient and back to ambient pressure, heart rate and systolic and diastolic arterial pressures closely followed as step functions (Figure 4 ). On return from 60 mm Hg below ambient to ambient pressure, heart rate, on the average, was higher by 2 to 3 beats per minute than when suction was increased in the same steps. The systolic blood pressure, however, was a few millimeters Hg lower during the stepwise decrease in suction as compared to the increase. Therefore, the pulse pressure was slightly reduced at this time. Forearm blood flow showed little change, but on the average tended to decrease slightly during the suction period.
Resistance and capacitance vessels. Forearm blood flow was not significantly changed during the periods of neck suction (Table I) . Since the mean arterial pressure decreased markedly, the calculated forearm vascular resistance also decreased during the suction periods ( Figure 2 ). This decrease was significant at 60 mm Hg below ambient pressure. Although forearm vascular resistance on the average decreased more with increasing intensity of stimulation, there was no significant difference in response between the three levels of stimulation. The decrease in forearm vascular resistance calculated from the total number of observations was significant (p < 0.001). carotid sinus caused a dilatation of the resistance vessels in the forearm.
In each subject the reaction of the forearm capacity vessels was estimated from changes in pressure in the forearm veins after the forearm circulation had been completely arrested. In all subjects the venous pressure was either unchanged or increased slightly ( Figure 5 ). Thus there was no indication of any venodilatation in the forearm during neck suction; indeed in some instances, the results indicate that a slight venoconstriction can be elicited with this stimulus.
Cardiac output and stroke volume. Cardiac output decreased in 11 of 15 determinations at rest. The average decrease was 0.6 L per minute or 10%o, and there was no significant difference in response among the three levels of stimulation. Calculated from the total number of observations, the decrease was significant (p < 0.01). The stroke volume showed a variable response, but was not significantly changed on the average. The calculated total peripheral vascular resistance was not significantly changed during the period of neck suction. The effects of heart rate and blood pressure were similar to those obtained on the previous test in the same subjects. Effect of carotid sinus stimulation during graded leg exercise in the supine position Table II shows the average values with their standard errors of the mean for the parameters measured during the control periods and the periods of neck suction.
Heart rate and blood pressure. During exercise a 1-minute period of neck suction (50 mm Hg below ambient pressure) caused significant (Table   II) and sustained reductions in heart rate and mean arterial pressure ( Figure 6 ). The magnitude of these reductions was not related to the initial levels of heart rate and blood pressure (Figure 7) . However, data on more subjects will be required to assess the effects of carotid sinus stimulation on heart rate when the latter exceeds 120 beats per minute, since in one subject the reduction in heart rate was less at rates above 120 beats per minute than at rest.
Resistance and capacity vessels. Forearm blood flow, which during leg exercise of the intensities used in this study remained close to the values present with the subject at rest, on the average increased slightly during the period of neck suction. Since the arterial mean pressure decreased markedly, the calculated forearm vascular resistance was reduced ( Figure 6 ). The reduction was significant with the first two work loads. Although, on the average, the reduction in forearm vascular resistance during neck suction was more marked with increasing work intensity, there was no significant difference in response among the three work loads. Calculated from the total number of observations, the reduction in forearm vascular resistance was highly significant (p < 0.001), indi- On the contrary, there was a small rise in pressure, indicating that a slight further increase in venous tone resulted from neck suction during exercise ( Figure 5 ). Cardiac output and stroke volume. During exercise the cardiac output increased with increasing work load with, on the average, small changes in stroke volume. During exercise the cardiac output decreased during neck suction in 13 of 15 determinations. The average decrease was 1.6 L per minute or 12%. There was no significant difference in the response to neck suction among the three work loads; the decrease calculated from the total number of observations was significant (p < 0.01). The decrease was absolutely larger than at rest but was relatively of the same order. The stroke volume showed a variable response but on the average changed little. The calculated total peripheral vascular resistance, which decreases during exercise, was on the average unaffected by the stimulation of the carotid arterial stretch receptors.
Discussion
The subjects were healthy normal adults previously trained to perform the required exercise and well accustomed to the procedure and to the effect of the neck suction. They did not experience, subjectively or objectively, any emotional reaction to the tests. The introduction of catheters was made rapidly and without discomfort to the subjects. The resting values for pulse rate were at levels expected for resting, relaxed, nonathletic adults. Thus, the procedure, including the introduction of catheters, did not seem to change the condition of the subjects. The validity and limitations of the methods employed for evaluation of the reaction of resistance and capacity vessels have been discussed in other reports (7, 10, 11) .
With application of subatmospheric pressure around the neck, a certain proportion of this pressure will be transmitted into the tissues of the neck and to the walls of the vessels traversing the neck. Since the vessels constitute an open system when blood is flowing, the intravascular pressure immediately after application of subatmospheric pressure will be unchanged. Therefore, the pressure across the walls of both the veins and the arteries increases. Coles, Kidd, and Moffat (12) quote experiments in which the human calf was enclosed in a box, subjected to pressures of 20 to 100 mm Hg below atmospheric, and the differential pressure measured between the tissues and the air in the box. It was found that the increases in transmural pressure were distributed throughout the leg tissues and were only slightly less than the level of subatmospheric pressure in any exposure. Although no such measurements have been made in the neck, it is likely that the findings would be similar. With the described design of the neck box, the transmural pressure increases not only at the carotid sinus but also along part of the common carotid arteries. This is advantageous, since the pressure receptors are not limited to the carotid sinus, but occur at several sites along the artery to the carotid sinus (2). When the depressor reflex on blood pressure is elicited, the pressure in the carotid arteries decreases. After a certain period of time, a steady state is reached when the initially high transmural pressure has reflexly decreased. At this time, however, the transmural pressure is greater than during the control period with ambient pressure in the box. Thus, the stimulus applied is, in principle, equal to raising the intravascular pressure of the carotid arteries. By means of the high capacity of the vacuum source, large-bore connections, good sealing of the box against the subject, and the manually controlled leak, the pressure in the box can be changed almost as a square wave. Since the strongest vacuum that could be tolerated with relative comfort by our subjects was 60 mm Hg below ambient pressure, higher degrees of vacuum were not used. This degree of vacuum caused some sensation of stretch in the neck. The symptoms disappeared immediately when atmospheric pressure was restored in the box. Although the box was sealed against the thoracic aperture, the subatmospheric pressures were not transmitted into the thoracic cavity as judged by the absence of change in central venous pressure. A decrease in transmural pressure could be achieved by application of positive pressure to the box. This was not done, since, apart from technical difficulties in sealing with this reverse procedure, the ensuing venous congestion of the head makes this a less pure stimulus.
Effect at rest. When the pressure around the neck was lowered in steps, heart rate and blood pressure decreased almost linearly. Expressed 139 as a percentage, the effect was more marked on blood pressure than on heart rate. Koch (13) related sinus pressure in dogs to percentage change in blood pressure and obtained S-shaped curves that were linear from the level of normal blood pressure and upward over a fairly wide range. In the present study on intact man, the percentage change in blood pressure was related to the calculated transmural pressure over the carotid artery during steady-state conditions. This relationship was, also approximately linear over a fairly wide range of transmural pressures (Figure 3 ). Ernsting and Parry (3), who also stimulated the carotid arterial stretch receptors in man by subatmospheric pressure around the neck, found that the reflex bradycardia was transitory, whereas the blood pressure only partially recovered during the stimulus. They also found that cholinergic block with atropine abolished the heart rate response, but left the blood pressure response unaffected. This shows that the effect on the heart rate is mediated via cholinergic fibers and also supports the finding of Folkow and Uvnis (14) that cholinergic sympathetic vasodilator fibers are not responsive to baroreceptor reflexes. In the present study, the subatmospheric pressure levels in the box were maintained constant during periods of 2 minutes, and the induced bradycardia was, on the average, maintained during this period. There were frequently an undershoot and overshoot in heart rate at onset and offset of neck suction. Also, the reduction in blood pressure was maintained and showed no tendency toward partial recovery. The results of the present study show that stimulation of the carotid arterial stretch receptors in man elicits marked sustained effects on heart rate and blood pressure; this suggests that there is little buffering effect from the other baroreceptor areas and that there is little or no adaptation during a 2-minute period. A gradual partial recovery in blood pressure, which has been said to be a characteristic feature of the response in animals, is ascribed to the buffering effect of remaining functioning baroreceptor areas (2) . The effect on the heart rate was maximal by the second and third beats after onset of neck suction, whereas the blood pressure requirec 10 to 20 seconds to reach a plateau.
Concerning the effect of carotid sinus stimulation on cardiac output, in two observations on man, Ernsting and Parry (3) found no change in the resting cardiac output during neck suction. Carlsten and associates (15) , after stimulating the carotid sinus nerve in man and finding a decrease in arterial pulse pressure, suggested that this could indicate a decrease of the stroke volume due to venodilatation. In the present study in intact resting man, a small (10%o) but significant reduction in cardiac output with no significant change in stroke volume has been demonstrated during neck suction. Thus, the decrease in cardiac output followed the decrease in heart rate. However, a decrease in heart rate per se of the order of 10 to 15 beats per minute cannot be expected to cause a decrease in cardiac output, since it has been shown that changes in stroke volume compensate for variations in heart rate of this order (16) . The small decrease in cardiac output may be due to a negative inotropic effect on the heart induced by increased transmural pressure over the carotid arteries. Recently, well-controlled animal experiments provided evidence for such a mechanism (17) .
Since both cardiac output and mean arterial blood pressure decreased in the same proportion, the calculated total peripheral vascular resistance was, on the average, unchanged. However, in a situation in which perfusion pressure and flow change in the same direction, an unchanged ratio between these parameters does not allow undoubted conclusions to be drawn as to caliber changes in the resistance vessels. The studies on blood flow through the forearm in which the flow was not significantly changed during carotid sinus stimulation, although the perfusion pressure decreased, are indicative of an active dilatation of resistance vessels in the forearm. This agrees with the conclusions of Carlsten and associates (15) ance vessels in the hand and calf to contribute to the rise in systemic pressure. Our study suggests' that the decrease in systemic arterial pressure with carotid stimulation in resting subjects results from a slight decrease in cardiac output and some dilatation of resistance vessels. However, the reaction of vascular beds, other than the limbs, remains to be examined.
Effect during exercise. Stimulation during exercise also caused maintained reductions in heart rate and' blood pressure. For a given stimulus, these reductions were absolutely the same at rest and during the three grades of exercise regardless of the initial levels of heart rate (at least up to 120 beats per minute) and blood pressure. In other words, heart rate and blood pressure during a standard stimulation are linearly related to the initial values of these parameters ( Figure 7 ). This relationship also implies that the effect of stimulation, expressed as a percentage, decreases with increasing levels of heart rate and blood pressure. Therefore, although the carotid sinus mechanisms continue to oppose the increase in heart rate and blood pressure during exercise through negative feedback, the afferent stimuli responsible for the changes in heart rate and blood pressure with exercise are so strong that heart rate and blood pressure continue to increase in proportion to the severity of the exercise.
As in the resting subject, the decrease in systemic arterial blood pressure when the carotid sinus is stimulated during leg exercise is due to a combination of a modest decrease in cardiac output and an active dilatation of resistance vessels, at least in the inactive limbs. The decrease in output is likely to be caused by a direct negative inotropic effect on the heart for the same reasons discussed earlier. During leg exercise of the severity used in these experiments, the resistance vessels in the muscles of the resting forearm constrict to maintain the total blood flow through the forearm relatively constant in spite of the increasing perfusion pressure (11, 19) . Against this background of reflex vasoconstriction, the reflex vasodilatation due to carotid sinus stimulation can be more convincingly demonstrated than in the absence of exercise.
With exercise, the limb veins constrict in proportion to the severity of the exercise, both in resting and exercising limbs (10, 11, 20) . The present study of the venous pressure changes in the forearm with completely arrested circulation provides no evidence that carotid sinus stimulation causes venodilatation even when venous tone is markedly increased during exercise. Conversely, some venoconstriction was elicited with the stronger degree of neck suction. This is contradictory to the general concept based on indirect evidence obtained from animal experiments that led Heymans and Neil (2) to postulate that effects on the venous system probably are the most important part of the carotid sinus reflex.
Since the reflex increase in tension of the smooth muscle of the venous system caused by exercise is probably important for the attainment and maintenance of the high cardiac output (10, 11) , it would seem advantageous that this is not opposed via the carotid sinus mechanism as the systemic arterial pressure rises.
Summary
The carotid arterial stretch receptors have been stimulated in intact man by application of subatmospheric pressures to an airtight box enclosing the neck. The circulatory effects of stimulation were studied at rest and during graded supine leg exercise.
Increase of the transmural pressure of the carotid arteries in intact man results in maintained reductions in blood pressure and heart rate which, over a fairly wide range, are approximately linearly related to the stimulus.. Percentagewise, the effect is smaller on heart rate than on blood pressure A small (10 to 12%o) but significant reduction in cardiac output as well as a dilatation of resist--ance vessels in the limbs contributes to the decrease in arterial pressure both at rest and during graded exercise.
There is no evidence that carotid sinus stimulation causes venodilatation in the forearm of intact man either at rest or during exercise when venous tone is increased.
During exercise, stimulation of the carotid arterial stretch receptors causes reductions in heart rate and blood pressure of the same absolute magnitude as at rest regardless of the initial levels of arterial blood pressure and heart rate, at least with heart rates up to 120 beats per minute. 141 Thus, the carotid sinus mechanism continues to oppose, through negative feedback, the rise in heart rate and blood pressure during exercise, but is overcome by the exercise stimulus so that the net result is an increase in both heart rate and blood pressure. The carotid sinus mechanism is less effective in opposing the increase in heart rate than in blood pressure.
